Ovarian cancer (OvCa) has the highest mortality rate of all gynecologic tumors and is the fifth leading cause of cancer death among US women (1). It is predominantly confined within the abdominal cavity and, unlike breast, colon, or lung cancer, rarely metastasizes hematogenously. Once an ovarian epithelial cell undergoes neoplastic transformation, it freely disseminates throughout the peritoneal cavity, carried by peritoneal fluid that facilitates attachment to peritoneum and omentum. The omentum is a large fat pad (approximately 12 × 12 cm) located inferior to the stomach and draped over the small bowel. It is the most common metastatic site (80%) for OvCa cells (2) followed by implants on the abdominal peritoneum. Identification of cofactors regulating OvCa cell attachment to omentum and/or peritoneum would have tremendous clinical utility, by enabling identification of cellular or molecular targets that could be pursued therapeutically and thus, enabling blockade of a critical step necessary for OvCa metastasis within the peritoneal cavity.
Introduction
Ovarian cancer (OvCa) has the highest mortality rate of all gynecologic tumors and is the fifth leading cause of cancer death among US women (1) . It is predominantly confined within the abdominal cavity and, unlike breast, colon, or lung cancer, rarely metastasizes hematogenously. Once an ovarian epithelial cell undergoes neoplastic transformation, it freely disseminates throughout the peritoneal cavity, carried by peritoneal fluid that facilitates attachment to peritoneum and omentum. The omentum is a large fat pad (approximately 12 × 12 cm) located inferior to the stomach and draped over the small bowel. It is the most common metastatic site (80%) for OvCa cells (2) followed by implants on the abdominal peritoneum. Identification of cofactors regulating OvCa cell attachment to omentum and/or peritoneum would have tremendous clinical utility, by enabling identification of cellular or molecular targets that could be pursued therapeutically and thus, enabling blockade of a critical step necessary for OvCa metastasis within the peritoneal cavity.
A role for MMPs in OvCa development has been postulated based upon the observation that several members of the MMP family are upregulated during OvCa neoplastic progression (3) . When MMPs were first characterized (4), it was hypothesized that their major contribution to cancer development was merely to degrade ECM molecules, thereby facilitating cancer cell migration/invasion across tissue boundaries. More recent insights have, however, defined a more complex role for MMPs in cancer. They are now recognized as key regulators of various neoplastic processes by virtue of their ability to mediate differentiation, proliferation, and survival of neoplastic cells (5) , release mitogenic growth factors from cell surfaces and from ECM reservoirs, and regulate tumor-associated angiogenesis (6, 7) . In spite of these revelations, no MMPs have been identified as being absolutely required for neoplastic cell migration/invasion into ectopic tissue compartments in vivo. Based upon their perceived importance as mediators of ECM remodeling, clinical trials assessing efficacy of broad spectrum MMP inhibitors (MMPI) in patients with solid tumors, including non-small cell lung (8) , pancreatic (9) , gastric (10) , and OvCas (11) , were undertaken in patients with recurrent, metastatic, chemotherapy-resistant tumors. Unfortunately, none of the MMPI evaluated improved patient survival (12) .
Interestingly, several groups using preclinical mouse models of de novo cancer development (7, 13) revealed that MMPI efficacy may be best achieved during earlier stages of tumor development, prior to appearance of bulky and/or metastatic disease. In the RIP1-Tag2 model of pancreatic islet carcinogenesis (7), tumor burden was significantly reduced in tumor-prone mice when mice were treated with the MMPI batimastat during early neoplasia, prior to malignant conversion and development of islet adenocarcinomas. Moreover, if tumor-prone mice were treated later in their disease progression, when tumors were already present, there was no significant effect (14) . Similarly, growth of OvCa xenografts is significantly diminished if mice are treated with batimastat immediately following tumor cell injection; whereas, if batima-stat is administered after solid tumors are established, minimal efficacy is achieved (13) . Similar results have also been reported with gastric cancer and platinum-resistant OvCa xenografts (15, 16) , indicating that efficacy of MMPI therapy is most significant when administered early in disease progression. Furthermore, in the clinical arena, it has now been reported that treatment of early-stage cancer with an MMP-2/-9 inhibitor (marimastat) might increase survival (9) . We previously examined expression of MMP-2 and MMP-9 in human OvCa tissue and found that essentially all invasive OvCas, including early stage I cancers as well as metastatic implants, overexpress both MMP-2 and MMP-9, while normal ovarian tissue exhibits significantly lower levels of expression (17, 18) , indicating that MMP-2 and MMP-9 are upregulated early in OvCa progression.
Given these findings, we hypothesized that type IV collagenases, e.g., MMP-2/-9, might be important regulators for early steps of OvCa metastasis. We report here that upregulation of MMP-2 in OvCa cells is critical for their adhesion to the mesothelial lining of the peritoneum and omentum. Using an orthotopic model of OvCa cell metastasis, we found that early inhibition of MMP-2 reduced ovarian tumor cell adhesion and metastasis and thus, significantly prolonged survival of experimental mice. Subsequent or repeated treatment of solid tumors with an MMP-2 inhibitor minimally reduced ovarian tumor metastasis and had no effect on survival. MMP-2 increased the adhesive capability of OvCa cells by specific cleavage of fibronectin (FN) and vitronectin (Vn), allowing for enhanced attachment of OvCa cells to FN and Vn fragments through α 5 β 1 and α V β 3 integrin. Therefore, our findings implicate MMP-2 in OvCa adhesion and indicate that therapeutic efficacy of MMP-2-selective inhibitors will be best achieved clinically if applied prior to peritoneal dissemination.
Results

Coculture of OvCa cells with mesothelial and stromal cells induces MMP-2
and MMP-9. The peritoneal cavity, including the omentum, is covered by mesothelium consisting of a confluent layer of epithelial mesothelial cells, lying juxtaposed to a layer of ECM where fibroblasts are embedded. Because peritoneal surfaces are the most common site of OvCa metastases (2) , we established what we believe to be a novel organotypic 3D coculture model mimicking human omentum, in order to examine the role of MMP-2 and MMP-9 in adhesion ( Figure 1A ). Collagen I was used as the principal ECM molecule, because a dense type I collagen matrix is present in the omental and peritoneal basement membrane and because OvCa cells preferentially adhere to collagen I (19) . Human primary mesothelial cells (HPMCs) and human primary fibroblasts (HPFs) were extracted from human omentum and maintained in culture for 2 passages and then evaluated for appropriate expression of cell type-specific markers in HPMCs (e.g., cytokeratin 8) and in HPFs (e.g., vimentin and proline-4-hydroxylase) (20) (Figure 1A ). To analyze the role of MMP-2 and MMP-9 in adhesion, the OvCa cell line, SKOV3ip1 that neither expresses nor secretes MMP-2 or MMP-9, was cocultured with fibroblasts and HPMCs, both of which secrete pro-MMP-2 and pro-MMP-9 (21) . Coculture led to a significant conversion of the pro form of MMP-2 and MMP-9 to their enzymatically active forms ( Figure 1B ). This was paralleled by an increase in cell surface gelatinolytic activity once SKOV3ip1 cells were added to 3D cocultures (SKOV3ip1 alone, V max 2,374 U/h; SKOV3ip1 cocultured, V max 12,436 U/h; P < 0.0005). Preincubation with an MMP
Figure 2
An MMPI inhibits adhesion of OvCa cells to a 3D culture of human omentum, full human omentum and peritoneum, and mouse omentum. SKOV3ip1, HeyA8, or primary human OvCa cells (50,000) were fluorescently labeled and added to the 3D culture (A), a piece of full human omentum (B), or full human peritoneum (C). The 3D culture, the human omentum, and the human peritoneum were washed with PBS, adherent cells on the omentum were lysed with NP-40, and fluorescence intensity was measured with a fluorescence spectrophotometer. (D) SKOV3ip1 cells were fluorescently labeled and 4 × 10 6 were cells injected i.p. into nude mice (n = 3). The mice were sacrificed after 4 hours, omentum and peritoneum were lysed with NP-40, and fluorescence was measured. **P < 0.001. Each bar represents the mean of 3 wells and SD. Each graph is representative of at least 3 independent experiments.
inhibitory peptide that binds active sites of both MMP-2 and MMP-9 with high specificity and blocks catalytic activity (22, 23) inhibited cell surface gelatinolytic activity, while the scrambled control peptide had no effect ( Figure 1C) , thus, implicating gelatinolytic activity during OvCa cell adhesion.
To determine which cell population was necessary for the increased presence of MMP-2/-9, SKOV3ip1 cells were fluorescently labeled and plated on the 3D culture. Four hours later, cells were isolated by flow cytometry and immunoblotted to assess MMP-2 and MMP-9 levels ( Figure 1D ). Unbound SKOV3ip1 cells expressed minimal pro-MMP-2 and pro-MMP-9 protein; however, upon attachment to the 3D culture, both the pro and active form of MMP-2 and the pro form of MMP-9 were induced. The 3D culture, consisting of HPMCs and HPFs, expressed minimal
Figure 3
Attachment of OvCa cells depends on MMP-2. (A) SKOV3ip1 cells were transfected with a siRNA specific for MMP-2, MMP-9, or a control siRNA and plated on collagen type I, and MMP-2 and MMP-9 were detected by immunoblotting with specific antibodies. The membrane was reprobed with actin. (B-D) Adhesion assays. SKOV3ip1 cells were transfected with a siRNA specific for MMP-2 and MMP-9. SKOV3ip1, HeyA8, and primary OvCa cells were pretreated with an MMP-2-or MMP-9-blocking antibody and then fluorescently labeled. OvCa cells were added to the 3D culture (B), a piece of full human omentum (C), or full human peritoneum (D), and the adherent cells quantified with a fluorescence reader as described in Figure 2 . (E) SKOV3ip1 cells (1 × 10 6 ) were labeled fluorescently and injected i.p. into nude mice for 4 hours (n = 3). Mice were sacrificed after 4 hours, omentum and peritoneum was lysed with NP-40, and fluorescence was measured. (F) Adhesion assay. SKOV3ip1 cells (5 × 10 4 ) pretreated with the MT1-MMP antibody were added to the 3D culture and an adhesion assay performed as described in Figure 2 (left panel). Invasion assay (right panel). SKOV3ip1 cells (3 × 10 4 ) were treated with a MT1-MMP-or MMP-9-blocking antibody, and invasion was analyzed after 24 hours. *P < 0.01.
MMP-2, while a constitutively high level of MMP-9, independent of cancer cell attachment, was prominent ( Figure 1E ).
Matrix remodeling activity of MMP-2 is the result of a stoichiometric interaction between membrane-type 1-MMP/MMP-14 (MT1-MMP/MMP-14), a transmembrane receptor and proteolytic activator of pro-MMP-2 (3), and TIMP-2, a tissue inhibitor of metalloproteinase. Binding of SKOV3ip1 cells to the 3D culture did not alter MT1-MMP or TIMP-2 protein expression ( Figure 1F ). MT1-MMP was constitutively high in both the 3D culture and OvCa cells, while TIMP-2 was not secreted ( Figure 1F , lower panel) or detected on the cell surface ( Figure 1F , upper panel).
In view of these findings, we hypothesized that MMP-2 or MMP-9 mediated OvCa cell adhesion to mesothelium. To test this, we took a 3-pronged approach and evaluated attachment of 2 established OvCa cell lines (SKOV3ip1, HeyA8) and primary OvCa cells to the 3D coculture ( Figure 2A ) to full-thickness human omentum ( Figure 2B ) and peritoneum ( Figure 2C ) removed at surgery and to omentum and peritoneum within the abdominal cavity of immune-deficient mice. Incubation of SKOV3ip1, HeyA8, or primary OvCa cells with the MMP-2/-9-blocking peptide reduced cancer cell adhesion to the 3D coculture by 63%, 46%, and 43% (P < 0.005), respectively ( Figure 2A ). Confirming and extending these results, the MMP-2/-9 inhibiting peptide also reduced adhesion to the short-term coculture with human omentum ( Figure 2B ) and human peritoneum ( Figure  2C ). We then determined whether the peptide also inhibited in vivo adhesion of SKOV3ip1 cells to the peritoneal cavity of nude mice ( Figure 2D ). Adhesion was evaluated 4 hours following i.p. injection of cells, a period of time we had previously found to be required for OvCa cells to complete attachment to peritoneum and omentum (20) . Untreated SKOV3ip1 cells attached to mouse peritoneum and omentum efficiently, while cells treated with the MMP-2/-9 inhibiting peptide showed a 56% decrease (P < 0.005) in binding as compared with the control peptide ( Figure 2D ). Together, these data indicated that either MMP-2 or MMP-9 mediated OvCa cell adhesion.
Initial attachment of OvCa cells to the abdominal cavity is mediated by MMP-2.
The peptide used to inhibit adhesion in Figure 2 blocks both MMP-2 and MMP-9 activity (22, 23) . Since MMP-2 and MMP-9 possess distinct regulatory capabilities and interact with a diverse spectrum of substrates, we used specific siRNAs and blocking antibodies to MMP-2 and MMP-9 to determine which of the type IV collagenases was required for adhesion. The selective siRNAs silenced both MMP-2 and MMP-9, as demonstrated by complete loss of MMP-2 and MMP-9 protein expression, while the scrambled siRNA had no effect ( Figure 3A) . To determine the effect of MMP-2 or MMP-9 inhibition on adhesion, SKOV3ip1 cells transfected with the siRNA or cells pretreated with the respective antibody against MMP-2 or MMP-9 were labeled fluorescently and then incubated with the 3D coculture ( Figure 3B ), full human omentum ( Figure 3C ), full human peritoneum ( Figure 3D ), or injected i.p. into nude mice ( Figure 3E ). Four hours later, adhesion was measured using a fluorescence reader that detects labeled cancer cells. Both pretreatment with the MMP-2 antibody and transfection with the MMP-2-specific siRNA significantly inhibited adhesion to the 4 different models (P < 0.005). This finding was not limited to SKOV3ip1 cells, since pretreatment of HeyA8, as well as several primary OvCa cells, with the MMP-2 antibody similarly inhibited adhesion to the 3D coculture, full human omentum, and peritoneum. Inhibition of MMP-9 had neither an effect on in vitro or on in vivo adhesion but did partially block invasion as previously reported (24) (Figure 3F ). We ruled out the possibility that the effects identified for MMP-2 were instead mediated by MT1-MMP, since incubation of cells with a MT1-MMP neutralizing antibody (25) had no effect on OvCa cell adhesion ( Figure 3F , left panel) but did block invasion ( Figure 3F, right panel) .
Host cells do not contribute the MMP-2 or MMP-9 necessary for peritoneal adhesion. Several studies have reported that MMP-2 and MMP-9
are expressed by activated stromal cells that thereby promote tumorigenesis (26) . Moreover, in OvCa, expression of MMP-2 and MMP-9 mRNA has not only been localized to stromal cells but also to carcinoma cells (27) . Therefore, we sought to determine the principal cellular source of MMP-2 and/or MMP-9 detected on OvCa cells. We found that blocking MMP-2 and MMP-9 function on HPMCs or HPFs with the MMP-2/-9 peptide or with the MMP-2 or MMP-9 antibodies did not alter adhesion of SKOV3ip1 cells ( Figure 4A ). Because other host-derived stromal and/or epithelial cells (e.g., adipocytes, vascular endothelial cells, leukocytes) not represented in the 3D culture might secrete MMP-2 or MMP-9 that could be used by the cancer cells in vivo, we took advantage of a genetic mouse model of MMP2 and MMP9 deficiency. Fluorescently labeled SKOV3ip1 cells were injected i.p. into RAG-1 -/-, RAG-1 -/-/MMP2 -/-, or RAG-1 -/-/MMP9 -/-double-deficient mice (6, 28) and their adhesion to peritoneum was evaluated ( Figure 4B ). We found no difference in either peritoneal or omental attachment between SKOV3ip1 cells injected into any of the 3 experimental cohorts, indicating that MMP-2 and MMP-9 secreted
Figure 4
Host-derived MMP-2 and MMP-9 does not affect adhesion of OvCa cells. (A) The 3D culture was pretreated with either the cyclic peptide inhibiting preferentially MMP-2/-9 or a monoclonal antibody against MMP-9 or MMP-2, respectively. Subsequently, adhesion assay was performed as described in Figure 2. (B) Six-week-old RAG-1 -/-mice, WT for MMP2 and MMP9 or RAG-1 -/-either deficient in MMP2 (MMP2 -/-) or MMP9 (MMP9 -/-), were injected with fluorescently labeled SKOV3ip1. After 4 h, the mice were sacrificed, equal parts of omentum and peritoneum were lysed in NP-40, and fluorescence was measured. Figure 5C ) than in OvCa cells adhering to plastic (P < 0.00005). This increase in MMP-2 mRNA led us to study whether adhesion induced MMP-2 promoter activity. In a systematic search, using sequentially deleted MMP-2 promoter fragments driving expression of a luciferase reporter construct, SKOV3ip1 cells were transfected with a series of 5ʹ-promoter deletion constructs and added to the 3D culture for 4 hours to allow for adhesion ( Figure 5D ). We found that a sequence residing from -1,659 bp to -1,629 bp was both critical for induction of MMP-2 promoter activation, following adhesion to the 3D culture, and for constitutive activity, indicating that MMP-2 mRNA is transcriptionally upregulated in OvCa cells by interaction with host cells ( Figure  5D ). Indeed, within this 30-bp promoter region is a consensus p53 transcription factor binding site previously found to be important for constitutive activity of MMP-2 in HT-1080 cells (29) . While there is evidence that SKOV3ip1 cells do not express p53 protein when cultured on plastic (31), our western blot and quantitative RT-PCR results showed that upon adhesion of cancer cells to the 3D culture, TP53 mRNA and p53 protein expression was indeed upregulated ( Figure 5E ). Therefore, to determine if the p53 transcription factor binding site plays a functional role in the adhesion-mediated regulation of MMP-2, a mutated p53 expression construct (32) was cotransfected with the -1,659-bp MMP-2 promoter into SKOV3ip1, which was then plated on the 3D culture. Expression of mutant p53 inhibited adhesion-mediated induction
Figure 6
Single pretreatment of OvCa Cells with an MMP-2/-9 inhibitor or an MMP-2 antibody inhibits peritoneal metastases and increases survival. (A) Prevention study. SKOV3ip1 cells (1 × 10 6 ) were pretreated with MMPI or cyclic peptide and injected i.p. into nude mice. After 28 days, the number of metastasis and tumor weight were determined. **P < 0.001. (B) Intervention study. SKOV3ip1 cells (1 × 10 6 ) were injected i.p. into nude mice. After 14 days of tumor growth, mice were treated with the MMPI 3 times per week for 3 weeks. After 28 days mice were sacrificed, the number of metastasis and tumor weight were determined. The columns represent the mean and the bars the SD. *P < 0.01. (C) Prevention study. SKOV3ip1 cells or HeyA8 cells (1 × 10 6 ) were pretreated with an MMP-2 antibody or the isotypic specific control antibody and then injected i.p. into nude mice. After 28 days mice were sacrificed, the number of metastasis and tumor weight were determined. **P < 0.001. (D) Survival in prevention and intervention studies. The treatment courses of the prevention and intervention studies were conducted as described above. Mice were sacrificed once they showed signs of distress, and Kaplan-Meier curves were calculated. (E) Tumor lysates from MMPI or control peptide treated mice were subjected to gelatin zymography as described in Figure 1B . (F) Sections of tumors from MMP-2 antibody or mIgG antibody-treated mice were stained with H&E, a Ki-67-specific antibody to detect proliferation, or a CD31-specific antibody to count microvessels. Scale bar: 100 μm.
of the MMP-2 promoter (Figure 5F ), indicating that induction of MMP-2 by adhesion is at least in part mediated through a p53 transcription factor binding site in the MMP-2 promoter.
Single pretreatment of OvCa cells with an MMP-2/-9 inhibitor or an MMP-2 antibody prevents peritoneal metastases and increases survival.
Our interpretation of the data resulting from the analyses above was that MMP-2 functionally regulates adhesion of OvCa cells to the mesothelium covering the abdominal cavity. Since adhesion is the first step in OvCa metastasis, we speculated that a 1-time pretreatment (prevention study) of OvCa with an MMPI might reduce peritoneal attachment and, therefore, diminish metastasis. Indeed, after 4 weeks, mice that received an i.p. injection of SKOV3ip1 that had been treated with an MMPI developed 68% fewer metastatic tumor nodules and 65% less tumor weight than mice injected with control treated cells (P < 0.001; Figure 6A ). In contrast, mice were injected i.p. with SKOV3ip1 cells, and 2 weeks later, when their disease was established, they received repeated treatment for a total of 4 weeks (intervention study - a trial design that mimics treatment of advanced disease in humans). The mean number of metastases was reduced by only 20% and tumor weight by only 22% with the MMPI as compared with the control peptide (P = 0.007 and P = 0.006, respectively; Figure 6B ). For both the tumor weight (P = 0.0001) and the total number of tumors (P = 0.0001), there was a statistically significant difference between preadministration of the inhibitor in the prevention study and repeated treatment after tumors had established in the intervention study.
Pretreatment of SKOV3ip1 with the MMP-2-blocking antibody also resulted in a significant reduction of metastatic nodules (54%; P < 0.001) and tumor weight (68%; P < 0.001) as compared with an isotypic control antibody ( Figure 6C ). Moreover, we found that these data were not limited to a single cell line, since pretreatment of HeyA8 cells with the MMP-2 antibody yielded similar results with a 72% (P < 0.001) reduction in tumor weight as compared with IgG treated controls ( Figure 6C, right panel) . Based on these findings, we then performed a survival study ( Figure 6D ), in which we found that a single pretreatment of SKOV3ip1 cells with the MMP inhibitory peptide increased median survival of inoculated mice to 63 days, whereas mice treated with the control peptide became distressed after an average of 36 days (P < 0.0005), a period comparable to the life span of untreated mice injected with SKOV3ip1 cells (33) . In contrast, when established tumors (intervention study) were treated with the MMPI twice per week there was no statistically significant survival difference ( Figure 6D ).
We then analyzed tumors from the prevention studies to understand whether a single treatment with the MMPI or MMP-2 antibody affected other established MMP-2/-9 functions such as gelatinolytic activity, proliferation, apoptosis, or angiogenesis ( Figure 6E ). SKOV3ip1 tumors showed minimal gelatinolytic activity with no significant difference between MMPI or control treated cells ( Figure 6E ). The histologic appearance of tumors from the MMP-2 antibody prevention experiment was similar to that of tumors from control treated mice without evidence of necrosis or differences in apoptosis ( Figure 6F and data not shown). There was also no difference in the percentage of Ki-67 positive cells in MMP-2 antibody (24% ± 7%) or mouse IgG antibody (24% ± 5.6%) treated tumors ( Figure 6F ) and no difference in microvessel density when staining with an antibody for CD31 (5 ± 2 versus 5 ± 2 no. of vessels per field; Figure 6F ) or detecting VEGF by western blotting (data not shown). These results indicate that MMP-2 is involved in the earliest steps of metastasis, e.g., attachment, and that once a tumor is established, inhibition of MMP-2 does not affect processes involved in later stages of metastatic growth. (3) , raising the possibility that cleavage of 1 or more ECM components into smaller fragments allows for the improved adhesion of OvCa cells to ECM. To test this hypothesis, we first confirmed the presence of Vn and FN in human omentum. Vn and FN are highly expressed in the ECM of the human omentum, and mesothelial cells produce Vn and FN as shown by western blot analysis ( Figure 7A ). Vn is a known substrate for MMP-2 (3) and is known to promote cancer cell migration (34) . However, FN has not been previously recognized as an MMP-2 substrate. To determine if MMP-2 cleaves FN, recombinant human MMP-2 was activated with p-aminophenylmercuric acetate (APMA), then incubated with full-length FN ( Figure 7B) , and resolved by SDS-PAGE. Silver staining of the gel revealed several known 120-kDa, 45-kDa, and 11-kDa FN fragments after incubation of FN with activated MMP-2 ( Figure 7B ), establishing FN as what we believe to be a novel MMP-2 target.
MMP-2 cleaves Vn and FN. MMP-2 can cleave various ECM proteins
To test whether cleavage of Vn and FN by MMP-2 was of functional significance, adhesion assays were conducted on cleaved Vn or FN fragments. Indeed, significantly more SKOV3ip1 cells adhered to culture wells coated with MMP-2-cleaved Vn and FN than to wells coated with full-length Vn or FN alone (Vn, 1.4 ± 0.04-fold increase, P < 0.0001; FN, 1.7 ± 0.04-fold increase, P < 0.0001; Figure 7C ), a finding which was also confirmed in HeyA8 cells (H.A. Kenny, unpublished observations). These results were validated in a nitrocellulose filter attachment assay (35) , in which full-length or MMP-2-cleaved FN was resolved on a native Tris-HCl gel, transferred to nitrocellulose, and the binding of cells to filter detected by amido black cell staining ( Figure 7D ). OvCa cells attached to the 120- and 70-kDa MMP-2-cleaved fragment of FN, a finding that was consistent with fragments detected following MMP-2 cleavage ( Figure 7B ). Moreover, preincubation of cancer cells with MMP-2-cleaved Vn or FN competed with the adhesion of OvCa cells to the 3D culture (Vn, 1.3 ± 0.03-fold decrease, P < 0.01; FN, 1.4 ± 0.02-fold decrease, P < 0.001; Figure 7E ). Taken together, these results indicate that MMP-2-cleaved FN and Vn promotes adhesion of OvCa cells.
Since OvCa cell adhesion is enhanced following cleavage of FN and Vn, we examined the functional contribution of the FN (α 5 β 1 integrin) and Vn receptors (α V β 3 integrin) during the initial phase of adhesion. α 5 and β 3 integrin were inhibited by siRNAs, and adhesion assays to the different ECM proteins performed ( Figure 7F ). Transfection with β 3 integrin siRNA significantly inhibited adhesion to MMP-2-cleaved Vn (1.7 ± 0.03-fold decrease; P < 0.0001) and FN (1.5 ± 0.04-fold decrease; P < 0.0001) fragments ( Figure 7F ). Moreover, transfection with α 5 integrin siRNA inhibited adhesion to MMP-2-cleaved FN fragments (2.7 ± 0.03-fold decrease; P < 0.0001). Lastly, we assessed the inhibitory function of α 5 , β 1 , and α V β 3 integrin-blocking antibodies (36) on OvCa cell adhesion and dependence on MMP-2 proteolytic activity. We first confirmed that treatment of OvCa cells with neutralizing antibodies against α 5 , β 1 , and α V β 3 integrin blocked OvCa cell adhesion ( Figure 7G ). Then, OvCa cells were pretreated with an antibody that inhibited MMP-2 proteolytic activity, followed by treatment with the respective integrin antibody. Indeed, blocking MMP-2 abolished the inhibitory function of the α 5 , β 1 , and α V β 3 integrin antibodies on OvCa cell adhesion. This effect was not observed when the MMP-2 antibody was substituted with isotype specific IgG and did not apply to all integrins, since the MMP-2 antibody could not abrogate the inhibitory function of a β 4 integrin-block-ing antibody. Taken together, these results indicate that MMP-2 enhances binding of cancer cells through α V β 3 and α 5 β 1 integrin.
Discussion
Our contention that MMP-2 is a significant regulator of OvCa adhesion is supported by experiments demonstrating that a cyclic peptide preferentially inhibits MMP-2 gelatinolytic activity (22) and reduces adhesion to the 3D coculture, full human omentum/ peritoneum, and in vivo binding to mouse omentum/peritoneum (Figure 2 ). These findings were confirmed with an MMP-2 selective siRNA and an MMP-2-blocking antibody (Figure 3) . Pretreatment of OvCa cells with either the cyclic peptide or an MMP-2 SKOV3ip1 cells were preincubated with full-length Vn, MMP-2-cleaved Vn, full-length FN, or MMP-2-cleaved FN, and an adhesion assay to 3D coculture was conducted. (F) SKOV3ip1 cells were transfected with a siRNA specific for α5 or β3 integrin, and adhesion assay was performed to MMP-2-cleaved Vn or FN coated plates. (G) Fluorescently labeled SKOV3ip1 cells were pretreated with either an MMP-2 or a mouse isotype IgG antibody followed by treatment with α5, β1, αvβ3, β4 integrin, or mouse isotype IgG antibodies. Subsequently, an adhesion assay was performed on the 3D model. *P < 0.01, **P < 0.001. Each graph and picture is representative of 3 independent experiments. Scale bar: 100 μm.
neutralizing antibody abrogated cancer cell adhesion, reduced the number of metastases and tumor load, and prolonged survival in xenograft models. The enhanced efficacy of the MMPI when delivered early, prior to secondary tumor development, was not limited to OvCa. In a T cell lymphoma mouse model, treatment with a selective gelatinase inhibitor reduced liver metastasis and increased survival when the inhibitor was preincubated with the cancer cells prior to tail-vein injection but not when treatment was initiated 1 day following tumor cell inoculation (37) .
We found that induction of MMP-2 in OvCa cells by normal omental fibroblasts and mesothelial cells involves direct cell-cell interaction, extending previous reports that dermal (21) and ovarian (38) fibroblasts induce MMP-2 expression in cancer cells. MMP-2 is not provided by the host, since deletion of host-derived MMP-2 or MMP-9, using RAG1/MMP-2 and MMP-9-deficient mice, did not alter OvCa cell adhesion. The specific interaction between mesothelial cells/fibroblasts and OvCa cells may explain why OvCa metastasis favors the peritoneum and omentum and rarely seeds to secondary sites that are not covered by mesothelium. In our studies, MMP-2 was induced in the cancer cells upon binding to mesothelium. Still, in situ hybridization in different cancers, including ovarian (27, 39) , has localized MMP-2 mRNA expression to fibroblasts. However, these represent a snapshot of MMP expression at an advanced tumor stage, when the OvCa has already established. In contrast, our study examines the initial step of OvCa metastasis, when cancer cells "meet" unprepared, resting mesothelial cells and fibroblasts. In the earliest phase of metastasis, contact of mesothelium with OvCa cells induces MMP-2 mRNA expression in the cancer cells through a consensus p53 transcription factor binding site in the MMP-2 promoter at -1,659 bp. Consistent with this finding, we found that upon attachment of SKOV3ip1 cells to the 3D culture, p53 protein and mRNA expression is induced and mutation of the p53 binding site in the MMP-2 promoter abrogates induction of MMP-2.
The SKOV3 cell line is widely used as a p53-null cell line, and previously no p53 mRNA or protein was detected in SKOV3 or SKOV3ip1 cells when cultured on plastic (31, 40, 41) . However, only 1 study investigated the status of p53 alleles using Southern blot analysis, wherein a deletion or rearrangement of only 1 of the p53 alleles was reported (42) . On the contrary, SKOV3 cells were reported as wild type for p53 in another study (43) . Given that the SKOV3ip1 cell clone we used also does not express p53 on plastic but that p53 mRNA and protein are induced in the SKOV3ip1 cells upon binding to the 3D culture, we suggest that in the SKOV3ip1 cells one p53 allele is still intact (as suggested by the Southern blot in ref. 42) , allowing for inducible p53 expression.
The mechanism by which MMP-2 enhances peritoneal adhesion of OvCa cells involves enzymatic activity and cleavage of FN and Vn. When a panel of integrin antibodies was tested for their ability to inhibit adhesion, α 5 β 1 and α v β 3 integrin-blocking antibodies inhibited adhesion, but this effect was abolished when OvCa cells were preincubated with the MMPI or an MMP-2 antibody. This finding led us to investigate the possibility that MMP-2 cleaves Vn and FN that is highly expressed in peritoneal and omental basement membranes, as well as on HPMCs. Indeed, we found that MMP-2 cleaves FN and Vn. In addition, OvCa cells adhere more efficiently to the smaller FN and Vn cleavage products than the full-length proteins, and the increased adhesion is abrogated when α 5 β 1 and α V β 3 integrin are knocked down by siRNA. We propose the following general mechanism for the initial steps of OvCa adhesion. Contact of OvCa cells with mesothelium induces MMP-2 transcription, followed by protein expression and activation. MMP-2 then cleaves various ECM components, including Vn and FN, into smaller fragments, thereby allowing for improved binding of OvCa adhesion receptors (α 5 β 1 and α V β 3 integrin) to fragmented ECM (Figure 8 ). This model is consistent with a report demonstrating that specific cleavage of laminin-5 by MMP-2 can induce migration of breast epithelial cells (44) , and that α3β1 integrin on sarcoma cells selectively binds laminin-5 within exposed regions of lung vasculature (45) .
We found that MMP-9 is highly expressed by mesothelial cells and fibroblasts and that OvCa cells express MMP-9 once they bind the 3D coculture. Nevertheless, we concluded that MMP-9 expression was not significant for initial adhesion, since we saw no inhibition of adhesion when blocking MMP-9. Nonetheless, several reports suggest that MMP-9 promotes growth and angiogenesis. Huang et al. (46) identified tumor-infiltrating macrophages as a significant source of MMP-9 and demonstrated that SKOV3ip1 cells growing in MMP-9-deficient mice are less metastatic. In a skin carcinogenesis model, MMP-9 supplied by innate immune cells is critical for tumor progression (26) , tumor cell proliferation, and angiogenesis
Figure 8
Proposed role of MMP-2 in early OvCa cell metastasis to the omentum and peritoneum. (47) . In the RIP1-Tag2 model of pancreatic islet carcinogenesis, MMP-2 was important for tumor initiation but played no role in angiogenesis (7) . These findings, together with our studies, assign unique functions to MMP-2 and MMP-9 during tumorigenesis. MMP-2 is important for adhesion, while MMP-9 exerts a functional role during angiogenesis and tumor progression.
While we remain disappointed by the failure of MMPI in clinical studies aimed at targeting late-stage disease, we are optimistic that our findings, which demonstrate that inhibition of MMP-2 during early metastasis provides a survival advantage, will encourage the reassessment of MMPI as an anticancer therapeutic agent. The MMPI, marimastat, that has selective affinity for MMP-2/-9, was evaluated in a phase III trial enrolling patients with platinum resistant, recurrent OvCa. Although the trial was not formally published, abstracts and reviews (11) reported that treatment with marimastat did not block tumor growth or improve survival, a result that is in line with other unsuccessful trials of MMPI in cancer (8, 10) . The data presented here, demonstrating that MMP-2 is important for adhesion and early metastasis, explain at least partially, why marimastat failed in the treatment of OvCa - patients treated with marimastat had widely metastatic tumors that are less dependant on MMPs for continued growth and survival. Our prevention study shows clearly that treatment with an MMP-2 inhibitor will only exhibit efficacy if administered prior to ovarian tumor cell attachment to the peritoneal cavity. While the clinical relevance of beginning therapy before tumor inoculation is at first glance debatable, there is a subgroup of OvCa patients who might benefit from early treatment with an MMPI. These are patients whose disease at the time of surgery is limited to the ovary but have tumor cell positive ascites (FIGO stage IC to IIIA), or patients who at the end of surgery were rendered macroscopically tumor free and have only presumed "microscopic disease". Early i.p. treatment with an MMPI may reduce peritoneal attachment, although it would have less impact on the growth of cells that have already attached and have formed colonies. In summary, we have demonstrated that adhesion of OvCa cells to the peritoneal cavity is mediated, at least in part, by MMP-2 through cleavage of FN and Vn and that in a mouse model, pretreatment with an MMPI can reduce metastasis as well as significantly prolong survival.
Methods
Reagents. Collagen I (rat tail), FN, and Vn were purchased from BD Biosciences. Anti-vimentin, anti-prolyl-hydroxylase, anti-Ki67, and anti-CD31 antibodies were purchased from Dako Cytomation. Anti-CAM 5.2 against cytokeratin 8 was from Becton Dickinson. The β1 integrin antibody was purchased from Santa Cruz, while MT1-MMP (clone AB8102), TIMP-2, β4 integrin (clone ASC-3), αVβ3 integrin (clone LM609), α5 integrin (clone P1D6), and MMP-2 (clone CA-4001) antibodies were purchased from Chemicon. Anti-actin antibody was from Cell Signaling Technology. The human OvCa cell lines, SKOV3ip1 and HeyA8, were provided by Gordon B. Mills (MD Anderson Cancer Center, Houston, Texas, USA). Anti-MMP-2 and -MMP-9 (clone IM09L) monoclonal antibodies were purchased from EMD Bioscience. MMP-2/MMP-9 Inhibitor III, monoclonal anti-p53 (clone Ab-5) antibody, pantropic anti-p53 (clone Ab-7) antibody, fatty-acid free bovine serum albumin, and streptavidin-horseradish peroxidase conjugate were purchased from Calbiochem. Negative control, MMP-2, MMP-9, and α5 and β3 integrin siRNA were purchased from Ambion Inc.
Animal husbandry. Mice carrying homozygous-null mutations in the MMP2 (28) , MMP9 (48) and RAG-1 gene (6) were backcrossed into the FVB/n mouse strain and maintained in the homozygous-null (-/-) state. Immunodeficient MMP2 -/-and MMP9 -/-mice were generated by successive intercrossing (49) . For all other experiments female athymic nude mice were used. All procedures involving animals were approved by the Institutional Committee on Animal Care, University of Chicago.
Adhesion and invasion assay. Primary OvCa cells were isolated from ascites as described (50) . HPMCs and HPFs were isolated from normal human omentum, and purification was verified by vimentin, keratin 8 (CAM5.2), and prolyl-hydroxylase stainings (20) . HPMCs and HPFs at early passages (passages 1-3) were used for the experiments to minimize dedifferentiation and modification of the original phenotype.
The 3D culture was assembled by embedding HPFs in collagen I and plating HPMCs as a confluent layer on top (20) . Adhesion assays to the 3D culture and full human omentum or peritoneum were conducted as previously described (20) . Each adhesion assays was run in triplicate. For adhesion assays to mouse peritoneum, SKOV3ip1 cells were fluorescently labeled with CMFDA (Invitrogen), and a single-cell suspension (4 × 10 6 cells/ml in 0.5 ml PBS) was injected into the peritoneal cavity of athymic nude or RAG1 -/-, MMP2 -/-, or MMP-9 -/-mice. After 4 hours, mice were sacrificed and full-thickness peritoneum and omentum excised. After washing to remove nonadherent cells, the tissue was lysed with 1% NP-40 and fluorescence was measured with a fluorescence spectrophotometer (Synergy HT) (33) .
For the nitrocellulose adhesion assay (35) , FN digested with APMAactivated MMP-2 or full-length FN was resolved on a native Tris-HCl gel (4%-20%). Proteins were transferred on nitrocellulose, the blot was washed with PBS and incubated with SKOV3ip1 cells for 4 hours. After adhesion, the blot was washed, cells were fixed with 10% formalin, stained with 0.1% amido black, and destained with a methanol/acetic acid/water solution (90:2:8). Cells bound to nitrocellulose stain dark blue. For the competition adhesion assays, SKOV3ip1 cells were preincubated with FN or cleaved FN fragments, and then an adhesion assay performed. The invasion assay was conducted for 24 hours as described (33) .
Inhibition experiments. The SKOV3ip1 cells were incubated for 18 hours with MMP-2/-9 inhibitor (10 μm), anti-MMP-2 (4 μg/ml), anti-MMP-9 (6 μg/ml), or anti-MT1-MMP (12 μg/ml) neutralizing antibody. For integrin experiments, the cells were pretreated with anti-MMP-2 or mouse IgG antibody (18 hours), followed by treatment with antibodies against α5, β1, β4, αVβ3 integrin or specific isotype mouse IgG (10 μg/ml). The cells were then used for in vitro or in vivo adhesion assays. MMP-2, MMP-9, α5, β3 integrin, and control siRNA constructs were transfected into 2.4 × 10 5 SKOV3ip1 cells using siPORT NeoFX transfection reagent (Ambion Inc.). After culturing cells for 72 hours (optimal knockdown time), they were used in the in vitro or in vivo adhesion assays.
MMP activity measurement. Gelatinolytic zymography was performed as described with conditioned serum-free media (51) .
Cell-surface-associated MMP activity was measured using a fluorogenic peptide (DQ gelatin; Invitrogen). A total of 25,000 cells were plated in a 96-well plate. The plates were incubated at 37°C and fluorescence was measured. Samples were run in quintuplet.
Western blot analysis. After adhesion of CMFDA-labeled SKOV3ip1 cells to the 3D culture, cells were sorted by FACS on a MoFlo (Dako Cytomation). This procedure separated labeled SKOV3ip1 from fibroblasts and mesothelial cells after their coculture ( Figure 1D ). Sorted cells were pelleted and lysed in ice-cold RIPA buffer. An equal amount (15 μg) of cell extracts were separated by 10% SDS-PAGE, transferred to nitrocellulose membranes, and blocked with NET-gelatin (52) . Membranes were incubated with mouse anti-MMP-2 (1:1,500), mouse anti-MMP-9 (1:1,500), rabbit anti-MT1-MMP (1:1,000), mouse anti-TIMP-2 (1:500), mouse anti-actin (1:50,000), or mouse anti-FN antibody (1:2,000; soluble IST-3) overnight at 4°C. The blots were then incubated with secondary horseradish peroxidase-conjugated IgG or IgM and visualized with enhanced chemiluminescence reagents.
